Abstract-Body bending and body twisting are kinds of nonrigid and non-periodic patient motion which may occur during SPECT imaging. We have developed a bodydeformation correction method to account for these motions in 3D SPECT reconstructions. In this paper, we describe the underlying body-deformation model and also demonstrate its application within a modified MLEM iterative reconstruction algorithm. The deformation model proposed here has three degrees of freedom, defined by the twist angle, the bend angle, and the bending direction. We estimate these deformation parameters using a set of skinbased marker coordinates. Our experiments show that this body model works well for real patients. A comparison of simulated images reconstructed with and without the deformation correction indicates the improvement that our method can bring to 3D SPECT reconstructions. 1 
I. INTRODUCTION
ingle Photon Emission Computed Tomography (SPECT) is widely used for tumor detection and heart perfusion studies. A SPECT acquisition typically requires 20 minutes to collect the projection images. Patient movement, which has frequently been reported in clinical practice, causes misalignment of the projection data. In turn, such degeneration blurs the reconstruction data and introduces artifacts. These motion artifacts may significantly degrade the diagnostic accuracy.
Patient motion is composed of rigid-body motion, periodic motion (respiratory) and non-rigid non-periodic motion (body deformation). Previous work has focused on detecting and correcting the first two motions. Feng [1] introduced a method of rigid motion compensation to improve the reconstruction data. Ma [2] improved the precision of the method with listmode tomography data. Ue [3] developed a respiratory-gated method for SPECT imaging of lungs.
However, patients may also exhibit non-rigid non-periodic body deformation, which rigid-motion and periodic correction can not deal with. Though there are lots of reasons for the patient body deformation, in this paper, we focus on two kinds of deformations, twisting and bending.
Our solution requires measurements of the body deformation during the SPECT imaging, for which we need equipment to capture the motion of the patient torso. An optical motion-capture system is our first choice because of its convenience and safety for the patient. A basic motion capture system is comprised of several optical cameras and a set of reflective surface markers. The cameras keep tracking the position of the reflective markers during the SPECT imaging. From several image sequences from different cameras, we can reconstruct the 3D track of the markers, which is on the patient body. By this way, we can quantify the patient motion. Currently, we adopt such a system provided by VICON Company for its precision. Once we have built such a system and assume that motion decomposition is well done, our problem is how to use such motion data to correct the patient reconstruction volume.
This paper describes three steps for motion correction: creating the body model, estimating the deformation parameters, and reconstructing with the deformation correction. Section II(A) discusses the body-deformation model. Section II(B) describes the deformation parameters estimation. Section II(C) presents a modified MLEM [4] [5] [6] [7] reconstruction algorithm. Section III(A) introduces an experiment to show the correctness of our body model. At last, section III(B) compares the simulation results obtained with and without the deformation correction. The body bending and twisting are mostly caused by the body skeletal motion. The body skeleton is composed of spine and ribs. Since it is difficult to change the length of the spine even during patient motion, we take the spine as the baseline for the deformation and take the rib as an accessory of the spine. In the human body, the spine is composed of 33 vertebrae. When some deformation happens on the body, the total deformation could be decomposed into many unit deformations, which is caused by each joint between the S 2007 IEEE Nuclear Science Symposium Conference Record M06-8
II. APPROACH

A. Body Modeling
vertebrae. Though a real spine is a curve [8] rather than a straight line, we use a straight line to approximate the spine shape for the simplicity. Since we have known the joints between the vertebrae have the similar mechanical structure [9] , we can study the freedom of the deformation in one joint and extend that to the whole spine. Current research [10] shows that only 3 degrees of freedom are allowed for a joint system. Our simple deformation model describes these 3 degrees of freedom as twisting angle, bending angle and the bending direction. As shown in Fig. 1 , the twisting angle is defined as a rotation of each yz-slice perpendicular to the xaxis around the spine, increasing from the pelvis to the head. Based on this definition, twisting deformation only changes the yz-axis, but x-axis value of each voxel during the body volume. The bend angle is defined as a curving of the spine (apart from its usual curved shape) along an arc. The bending direction is defined as the direction of the bend angle with respect to the yz-slice. We consider the bending along the xzplane to have a 0-degree bending direction. Though we know the mechanical character of each joint, the distribution of the deformation along the spine is still a problem. For example, for a given twisting angle, the first vertebra unit may contribute 50% and the second one may only contribute 10%. The same concern holds for the bending angle: we do not know if the spine is deformed as a uniform arc or some more-complicated curve. Such an angle distribution map is a crucial factor for a correct deformation correction. Vorro [11] measured the spine rotation and Schwartz [12] performed an in-vivo experiment to create a spine deformation model. However, all such studies have been made when the patient is sitting. In our case, the patient is lying down during the SPECT imaging. The relationship between the vertebrae probably depends on the patient pose. Another problem is that the sample space of those works is quite small. Therefore, in this research, we make a simple assumption that the distributions of bending and the twisting angle along the spine are both uniform. That means all the deformation is equally shared by all the joints and each unit of the vertebrae makes the same contribution for the total angle. Though this model is not perfect, it is a good starting point for this research.
Since we approximate a spine as a straight line, another important assumption for the spine deformation is that when a spine is bending, the spine remains in the sagittal plane and incompressible. That means for each joint in the spine, the bending direction is the same. Though is not a quite strong assumption, it is a good start point for the research. With this assumption, we can compute the bending direction directly from the markers attached to the patient.
B. Deformation Parameters Estimation
B.1. Affine Transformation Computation
Since all surface markers are tracked in the camera coordinate system, we have to create an affine transformation from that coordinate system to the SPECT coordinate system. In this project, we designed a seven-sphere phantom ( Fig. 2) to specify the transformation. The phantom is optically reflective so that it can be captured by the motion capture system. The phantom also contains radioactivity for imaging with the SPECT camera. Comparison of the 3D coordinates of the blobs obtained from the camera system and from the SPECT reconstruction establishes an affine transformation between the two coordinate systems. 
B.2. Initial Pose Estimation
We assume that the patient is initially in a relaxed position on the table and rely on the supervising technologist to ensure that this is so. In our motion capture system, two belts are wrapped about the patient body; one is on the chest and the other is on the abdomen, as shown in Fig. 3 . Each belt supports four or five retro-reflective markers. The belts and their markers are carefully positioned to define chest plane P c and abdomen plane P a . Each of these planes intersects the patient spine. We refer to these as the chest and abdomen intersections. By computing the distance between the two intersection points, we can estimate the length of a known section of spine along the patient region of interest. Any deformation that happens outside of this region of interest is either considered to be rigid body motion or is ignored entirely. Before the deformation correction, we also take the abdomen belt as the baseline of the computation, i.e., all subsequent deformations are referenced to the abdomen belt. If we detect any motion in the abdomen belt, we consider that as a rigid-body deformation. Using a rigid-body model, we return the abdomen belt to its initial position.
The height of the table plane P t ( Fig. 3 ) is taken as the initial height of the spine. This measurement is obtained by means of optical markers attached directly to the patient table. Though this spine height is an approximation, any estimation error will be acceptable compared to the thickness of the patient body. Another parameter obtained from the initial pose is the center of the body. This is used to estimate the position of the spine for the bending-direction computation. With the assumption that the patient is a more-or-less symmetric object, the markers on a given belt are used to fit a parabola. The vertex of the parabola lies along the centerline of the patient body. We now determine the vertex coordinates.
We make the reasonable assumption that plane P c or P a is always perpendicular to P t . By projecting the reflective marker locations to plane P t , we get a straight line l (Fig. 3) , which can be expressed by
Since we have 4-5 markers' coordinates, it is easy to compute this line with a least-squares method. Let the vertex of the parabola be (e, f, c). It should also project to this projection line l. Then we have
Each belt is assumed to lie along a parabola, however, the plane of the parabola (P c or P a ) is not known. We can account for any parabola plane by fitting the markers to a paraboloid given by ( )
Where x, y, z are the coordinates of a given marker and d parameterizes the parabola. After we substitute ( b ax + ) and ( b ae + ) for y and f , respectively, Eq (1) then transforms to:
To reduce the order of Eq (2), we set ) 1 ( Combined with the height information h from table plane P t , we know the projection of the center of the patient to the table plane is the intersection point (e, f, h). The distance between the planes P c and P a can be estimated through the chest intersection point and the abdomen intersection point.
We also need to determine the twisting vector T (Fig. 3) of the markers on a given belt. This vector, defined by the markers on the chest belt, indicates the rotation angle of the markers. The easiest way to create such a vector is to fit a straight line to the markers on the chest belt via least-squares.
B.3. Parameters Estimation
During SPECT imaging, the optical cameras are tracking the patient motion. The motion data are decomposed into three components: rigid-body motion, respiratory motion and body deformation. When we get that part of the motion data for the body deformation, we use it to compute the three body deformation parameters. We estimate the bending angle and bending direction first. Then an unbending computation is introduced to compensate for the bending effect. Finally, the twist angle is estimated based on the unbent marker coordinates.
Recall that plane P c is defined by the initial chest belt, i.e., without any body deformation. We also can get a new plane P' c determined by the chest belt after patient deformation (Fig  4) . By comparing the angle between planes P c and P' c , we can calculate the bending angle. Bend means an inverse operation or unbending operation to compensate for the bending effect based on the patient body model that we have built. Since we have assumed the spine is incompressible, the spine length can be considered as a reference of the unbending operation. After the surface markers are unbent into the initial plane P c , we can calculate the twisting angle.
The second step of the correction is to estimate the twisting angle with the unbent coordinates (Fig. 5) . Here, we find a least-squares fit of the markers to a straight line. The direction of the line is a vector that indicates twist. More precisely, the angle through which this vector moves over time indicates the body twist. We compute an initial vector T based on the initial pose and another vector ' T based on the deformed but unbent coordinates (Fig. 5) . The twisting angle is computed as: Based on angle , we can compensate the markers by an untwisting operation. The untwisting operation also requires a twisting axis, which in our case we take as the initial spine axis. As discussed above, the position of the spine can be approximated by the table plane and the centerline of the patient body. If our model is perfect, the compensated marker motion trace will be stable. To validate our model and method, we designed an experiment with volunteer data which is described in Section III(A).
B.4. Deformation Matrix
Combined with the simple spine model, the three parameters B, B , and specify the deformation of each voxel of the body volume. Using the uniform distribution assumption of section II.A, the amount of bend and twist increase linearly from 0 at the base of the spine to their maximum values toward the anterior end.
When we have the angle distribution, we can map the initial body volume to the deformed body volume. This map can be described as a deformation matrix.
where init f and deform f are the undeformed and deformed reconstruction volumes, respectively, A is the projection (system) matrix, g is the projection data and M is the deformation matrix. This deformation matrix is a mapping connecting the initial body with the deformed body. This mapping is defined by the location of each voxel, the angle distribution and the body spine position which we have acquired from the initial body estimate. Based on this mapping, we create a connection between the initial volume and the deformed volume. There are two directions of computation. First, we can deform the initial body volume with the deformation matrix M. On the other hand, we can make a computation to warp the deformed body back into the initial position with the inverse deformation matrix M -1 . Ideally, by applying M -1 on the deformed volume, we can get exactly the initial body volume (Fig. 6a) . In the case of rigid body correction, the motion matrix M is an orthonormal matrix. So the inverse matrix M -1 is the same as the transpose matrix M T . However, in our deformation case, the motion matrix M is not an orthonormal matrix. Considering the size of M, it is impossible to compute M -1 explicitly. Therefore, instead of the inverse computation, we take the transpose matrix M T for back-deformation to approximate the undeform computation (Fig. 6b) . In the same way, that back-projection matrix A T approximates the inverse projection matrix A -1
. As we will see in the following section, this approximation introduces no errors in the MLEM reconstruction algorithm; in fact the back-deformation operation is exactly the correct one to use. Since all the surface markers that we have could be considered as a set of special voxels during the computation, we can back-deform the deformed surface markers to show the correctness of our back-deformation computation. Ideally, the back-deformed markers should be exactly in the initial positions. But due to the inaccuracy of the motion model and non-orthonormal motion matrix, there is always some deviation between these two results (Section III(B) ).
C. Modified Reconstruction Algorithm
Though there are many sophisticated algorithms for tomographic reconstruction, MLEM is an ideal method for our application. The MLEM update equation [5] ) ( (12) where m ij is an element in the deformation matrix. More precise deformation estimation matrix M leads to more precise reconstruction body volume.
III. EXPERIMENT AND SIMULATION
A. Deformation Model Verification
As mentioned in Section II (B.3), the deformation model and deformation parameters determine the deformation matrix. With this matrix, a compensation computation can be made to the surface markers, to counteract the body deformation. The corrected locations of these markers should be stable. Unfortunately, totally stable results are hard to achieve because of the imprecise model and measurement errors. However, it provides us a good test standard for the model computation. A more precise model will show a more stable deformation correction result. We designed an experiment to verify it.
One volunteer was outfit with two belts with five markers each. He was instructed to make some random deformations at will. The frame rate of our motion capture system was around 30 fps. After the motion was captured, the surface markers were pre-processed to decompose the motion data. Then we selected the body deformation component of motion data (Fig 7a) . We calculated the deformation parameters with the spine model as described above. Finally, we performed a back-deformation computation to correct the markers' deformation. We compared the motion traces of the backdeformed markers and the initial markers to evaluate our backdeformation computation and our deformation model (Section II (B.4)). The deformation trace for one marker on the chest belt is shown as follows: In Fig 7b, the motion of the surface markers on the volunteer is decreased tremendously after the deformation correction. Based on this result, we conclude that although the model was not a perfect fit for a patient body, the method compensated for most of the deformation. The movements along the y and z axes are quite well compensated. However, there are still some noise and oscillation along the x axis. Such noise is caused by the inaccuracy of the model, patient respiratory motion and occasional spine shortening which violates our assumption that the spine length should remain the same.
By this experiment, we showed that our parameter estimation processing is reasonable. Most of the body deformation caused by twisting and bending can be described in this way and measured by our method.
B. Simulation for Deformation Correction
Though we have measured the deformation, we still have to show that our deformation model could be useful for correcting the reconstruction. Therefore, we developed a simulation procedure to show that our method will work well with the modified MLEM reconstruction algorithm.
We applied our deformation model to the MCAT [13] [14] phantom to make a simulation as follows: The average RMS error between reconstructions R 1 and R 2 is defined as:
We performed a simulation with bending angle B=7.5 , twisting angle =10 and bending direction of 5 from vertical. We substitute 60 projections from P deform out of 128 projections from P init and follow the procedure described above. The result is shown in Fig 9. The average error for the 3D deformation-uncorrected reconstruction is 0.2166. The average error for the 3D deformation-corrected reconstruction is 0.1581. In Fig 9g, we clearly see some error signal. However, in Fig 9h, only some noise is left.
From the comparison, we can see some parts of the reconstruction volume R no-correction are blurred by the body deformation, especially on the spleen and liver region. However, after the deformation correction, R correction shows a much better result. Based on this simulation, we have shown that our body deformation correction method improves upon the modified MLEM reconstruction.
IV. CONCLUSION AND FUTURE WORK
In this paper, we presented a body deformation model. With this model, we estimated a set of parameters to describe the patient deformation. Though this description is not perfect, it can be used to compensate most of the deformation of the patient. We also modified the MLEM algorithm to compensate the reconstruction with our deformation model. Then we designed an experiment to show that such an approximation is valid and the deviation is tolerable for the modified MLEM reconstruction algorithm. Compared to the reconstruction volume with deformation but no compensation, our compensated reconstruction volume shows a significant improvement. However, due to the imperfection of the deformation correction result, a more precise deformation model is still a research topic of deformation correction.
We have found a way to compensate for most of the deformation effects in body volume reconstruction. However, we still have not applied our method to real patients. In future work, we plan to show that our method can help not only with the MCAT phantom, but also with real patients. 
